Abstract-In this paper, a high performance diplexer is designed and fabricated for Global Positioning System (GPS) and wireless local area network (WLAN) applications simultaneously. The diplexer mainly comprises two dual-mode ring bandpass filters (BPFs), operated at
isolation greater than 40 dB between two channels is obtained. The diplexer is investigated numerically and experimentally. The simulated and measured results have a good agreement with the proposed design concept.
INTRODUCTION
Diplexers are three terminal devices which let two or more frequencies into one input port and then separate them to two other output ports. For multi-service functions in modern wireless communication systems, compact-size and high performance diplexers are widely adopted [1] [2] [3] . In the past, several methods have been reported to develop diplexers [2] [3] [4] [5] [6] . For example, two periodic filter structures with open-circuited stubs are used to achieve a wide-band diplexer for multiple-frequency applications [2] . Two filters using common resonators sections [3] and with two matching circuits [5] are used to form a microstrip diplexer. In addition, two hairpin line filtering structures are used to form a UWB diplexer, and a tapped open stub is used to introduce an attenuation pole to suppress the spurious response and achieve a high isolation between two bands therefore [6] . However, in order to achieve the high isolation and a wide stopband simultaneously, the above mentioned diplexers in fact have some problematic issues, such as large dimension or high insertion loss.
In this paper, we propose a miniaturized band isolation and wide stopband microstrip diplexer used for Global Positioning System (GPS) of 1.575 GHz and Wireless Local Area Network (WLAN) of 2.4 GHz, respectively. Two square ring stepped impedance resonators (SIRs) [7] [8] [9] are used to realize miniaturized bandpass filters (BPFs) to satisfy the required passbands. Additionally, because of the appearance of the transmission zeros located at the passband edges, the high isolation between two passbands and a wide stopband are obtained simultaneously. Moreover, due to the good impedance matching in input port for two BPFs, a high isolation between two channels is also obtained. Measured results of the fabricated diplexer have a good agreement with the simulated results. Figure 1 shows the geometry structure of the proposed diplexer. The diplexer is designed on Duroid 5880 substrate having a thickness of 0.787 mm, a dielectric constant ε r of 2.2, and a loss tangent of 0.0009. The BPFs in the proposed diplexer are two dual-mode Figure 1 . Schematic of the proposed diplexer.
DESIGN PROCEDURE
BPFs, which are well known to have simple design procedure and good passband performance [10] [11] [12] . However, typical dual-mode BPF has disadvantages of large size and native harmonic responses. Therefore, by embedding the SIR in the dual-mode ring structure, the miniaturized size and spurious control can be solved simultaneously. The input line is coupled with two dual-mode SIR BPFs to provide the input power. To design the proposed diplexer, the following steps are used:
The first step is to discuss the equivalent circuit of the ring SIR as the basic filter block in the diplexer;
The second step is to analyze the resonant responses of the designed ring SIR; The third step is to achieve the desired dual-mode band performances by using the designed ring SIR; The fourth step is to combine the two BPFs with different center frequencies together to form two channels of the diplexer by tuning the coupling lines of the input port for impedance matching; and The final step is to fabricate a sample and measure the performance.
In the first step, the equivalent circuit of the ring SIR as the basic filter block in the diplexer is discussed. Fig. 2 shows the layout and transmission-line model of the SIR in Fig. 1 . The SIR is constructed by cascading a high-impedance section and low impedance section. The impedance ratio R is defined as Z 1/ /Z 2 . Since it is symmetry, as shown in Fig. 2(a) , the resonant modes of the designed SIR can be modeled and calculated by the transmission-line theory. The input impedances (Z in1 ) seen at the junction high-impedance section to the low-impedance section is derived as:
where θ 1 and θ 2 are electrical lengths of the high-impedance section and the fan-shaped low impedance section, respectively. Moreover, the input impedances (Z in2 ) seen at the center of the SIR section is derived as:
In the second step, we analyze the fundamental and higher order resonant frequencies of the designed SIR by using the (2). The odd and even resonances of the ring SIR occur when Z L = 0 and ∞, respectively [13, 14] . The design parameters include impedance ratio (R) of the stepped sections and lengths. Proper choice of the above parameters leads to an optimal reduction of circuit dimension and extension of upper rejection bandwidth. Since the proposed diplexer design has two channels, thus the first BPF at 1.575 GHz require a wide upper stopband to avoid the interference of the second BPF at 2.4 GHz and the second BPF requires a wide lower stopband to avoid the interference of the first BPF. Figure 3 shows the simulated results of the fundamental and first higher order resonant frequencies of the designed ring SIR of the left side as shown in Fig. 1 . The full-wave electromagnetic (EM) simulator [15] is used for simulation. When setting the R = Z 1/ /Z 2 = 4, θ 1 = 22.5 • and θ 2 = 22.5 • , the SIR can be designed for 1.575 GHz and the first spurious response is shifted far away to 6.5 GHz. By using the same totally physical length, the simulated results of the frequency response of the typical ring resonator 1 are also compared in Fig. 3 . It is clearly observed that the fundamental resonant frequency of the typical ring resonator is at 2.1 GHz and many higher order resonant modes appear form 2 to 6 GHz. Similarly, Fig. 4 shows the simulated results of the fundamental and first higher order resonant frequencies of the designed ring SIR of the right side as shown in Fig. 1 . When setting the R = Z 1/ /Z 2 = 4, θ 1 = 22.5 • and θ 2 = 22.5 • , the SIR can be designed for 2.4 GHz and the first spurious response is also shifted far away to 6.5 GHz. It is also clearly observed that the fundamental resonant frequency of the typical ring resonator 2 is at 3.1 GHz and many higher order resonant modes appear form 2.6 to 9.2 GHz. Based on the discussion, the designed SIR can be used to design dual-mode BPF with a miniaturized area and desirable wide stopband characteristics for the diplexer.
In the first step, the desired dual-mode band performances by using the designed ring SIR are addressed. To form the dual-mode Figure 3 .
Simulated results of the fundamental and first higher order resonant frequencies of the designed ring SIR for GPS of 1.575 GHz and the typical ring resonator 1 with the same totally length. (The structural parameters as defined in Fig. 1 are: L 6 = 14, W 3 = 6.4, R 1 = 2W 3 + L 6 , all in mm.). BPF, the input and output ports shall be placed orthogonally near the proposed square ring SIR. Moreover, a perturbation element is located on the corner of the ring SIR. Since the proposed diplexer design has two channels, thus the first BPF at 1.575 GHz require a wide upper stopband to avoid the interference of the second BPF at 2.4 GHz and the second BPF requires a wide lower stopband to avoid the interference of the first BPF. Fig. 5 shows the simulated frequency responses of the designed dual-mode BPFs for GPS and WLAN without the matching network. By using the impedance ratio (R = Z 1/ /Z 2 = 4) selected from Fig. 3 and carefully tunning the size of the perturbation element (P 1 = 7.4 mm), the first dual-mode BPF centred at 1.575 GHz has a fractional bandwidth of 3% and a harmonic suppression more than 20 dB up to 6 GHz, as expected in Fig. 3 . In addition, the first dual-mode BPF has two transmission zeros located at 1.42 GHz and 1.67 GHz, with attenuation of 53 dB and 39 dB, respectively, thus much improving the band selectivity. Similarly, by using the impedance ratio (R = Z 1/ /Z 2 = 4) selected from Fig. 4 and carefully tunning the size of the perturbation element (P 2 = 6.1 mm), the second dual-mode BPF centred at 2.4 GHz exhibits a fractional bandwidth of 8% and a harmonic suppression more than Simulated frequency responses of the proposed diplexer. (The structural parameters as defined in Fig. 1 are:
30 dB up to 6 GHz, as expected in Fig. 4 . Moreover, the second dualmode BPF also has two transmission zeros located at 2.1 GHz and 2.69 GHz, with attenuation of 42 dB and 43 dB, respectively, which are expected to improve the isolation between two passbands.
Even the two designed passband performances satisfy the considered communication systems, it still has a challenge to combine the two BPFs together to form a diplexer without distortion of the passband performances. As shown in Fig. 1 , the common input port is port 1, and the output ports for the first BPF and the second BPF are port 2 and port 3, respectively. In the fourth step, the two BPFs with different center frequencies are combined together to form the diplexer by tuning the coupling lines (L 1 and L 2 ) of the input port for impedance matching. The matching stub lengths L 1 and L 2 of the port 1 should be well designed to satisfy the following conditions. When the first BPF is operated, the input impedance seen into the second BPF is infinite. Likewise, when the second BPF is operated, the input impedance seen into the first BPF is infinite [4] [5] [6] . By the full-wave EM analysis, the stub lengths L 1 = 33.3 mm and L 2 = 21.9 mm are obtained for impedance matching, thus also achieving a high isolation |S 23 | greater than 50 dB between two channels. The simulated result of the diplexer by combining the two BPFs with matching network is shown in Fig. 6 . It is clearly observed that several transmission zeros are still existed near the two passband edges in the designed diplexer, as obtained in two individual BPF shown in Fig. 5 .
EXPERIMENTAL RESULTS AND DISCUSSION
In the final step, the proposed diplexer is then fabricated and measured by an HP8510C Network Analyzer. The photograph of the fabricated sample is shown in Fig. 7(a) and the measured results are displayed in Fig. 7(b) . The first passband in diplexer has good measured results, including a center frequency of 1.575 GHz with |S 21 | of 2.5 dB, a lower stopband rejection greater than 18 dB beyond 1.6 GHz and a higher stopband rejection greater than 18 dB from 1.8 to 6.2 GHz. The second passband in diplexer also shows good measured results, including a center frequency of 2.45 GHz with |S 31 | of 1.4 dB, a lower stopband rejection greater than 18 dB beyond 2.2 GHz and a higher stopband rejection greater than 18 dB from 2.8 to 6.8 GHz. The loaded Q values are 18.3 and 13.1 for 1.575 GHz and 2.4 GHz, respectively. Due to the good impedance matching, the isolation between the two channels |S 23 | is better than 40 dB. In addition, the fabricated diplexer occupies a small size; around 30 mm × 70 mm. Measured results are slightly different from the simulated results. The mismatch could be attributed to the unexpected inaccuracy during the fabrication [6] . The proposed diplexer actually has a good potential for the GPS and WLAN communication systems due to its simple design, compact size, and easy fabrication.
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CONCLUSION
We have presented the design of a high performance diplexer for GPS of 1.575 GHz and WLAN of 2.4 GHz. Two dual-mode BPFs using ring SIRs are used as main blocks to form the proposed diplexer with a miniaturized size and a wide stopband. The design procedures are clearly discussed, including the equivalent circuit of the ring SIR, analysis of the resonant responses of the designed ring SIR, achieving the desired dual-mode band performances and tuning the coupling lines of the input port for impedance matching. Measured results show an insertion loss of 2.5 dB at 1.575 GHz with a lower stopband rejection greater than 18 dB beyond 1.6 GHz and a higher stopband rejection greater than 18 dB from 1.8 to 6.2 GHz; and an insertion loss of 1.4 dB at 2.45 GHz with a lower stopband rejection greater than 18 dB beyond 2.2 GHz and a higher stopband rejection greater than 18 dB from 2.8 to 6.8 GHz. Additionally, several transmission zeros are located near the passband edges to improve the isolation between two passbands. A high isolation greater than 40 dB between two channels is also obtained owing to the good impedance matching in the input port for two BPFs. Measured results of the fabricated diplexer have a good agreement with the simulated results.
